We present a systematic evaluation of the shape of the neutrino energy spectrum produced by beta-decay of 8 B. We place special emphasis on determining the range of uncertainties permitted by existing laboratory data and theoretical ingredients (such as forbidden and radiative corrections). We review and compare the available experimental data on the 8 B(β + ) 8 Be(2α) decay chain. * Also Dipartimento di Fisica and Sezione INFN di Bari, Bari, Italy.
We analyze the theoretical and experimental uncertainties quantitatively. We give a numerical representation of the best-fit (standard-model) neutrino spectrum, as well as two extreme deviations from the standard spectrum that represent the total (experimental and theoretical) effective ±3σ deviations. Solar neutrino experiments that are currently being developed will be able to measure the shape of the 8 B neutrino spectrum above about 5 MeV. An observed distortion of the 8 B solar neutrino spectrum outside the range given in the present work would be evidence, at an effective significance level greater than three standard deviations, for physics beyond the standard electroweak model.
We use the most recent available experimental data on the Gamow-Teller strengths in the A = 37 system to calculate the 8 B neutrino absorption cross section on chlorine: σ Cl = (1.14 ± 0.17) × 10 −42 cm 2 (±3σ errors). The chlorine cross section is also given as a function of the neutrino energy. The 8 B neutrino absorption cross section in gallium is σ Ga = (2.46 The solar neutrino spectrum is currently being explored by four underground experiments: the pioneering Homestake (chlorine) detector [1] , the Kamiokande (water-Cherenkov) detector [2] , and two gallium detectors, GALLEX [3] and SAGE [4] .
These first-generation experiments have shown that the observed solar neutrino event rates are lower than expected [5] , giving rise to "solar neutrino problems" [6] that cannot be solved within the standard experimental and theoretical understanding of the physics of the sun and of the electroweak interactions.
Bahcall [7] has shown that the 8 B(β + ) 8 Be (allowed) decay produces the same shape for the ( 8 B) neutrino spectrum, up to gravitational redshift corrections of O(10 −5 ), independent of whether the neutrinos are created in a terrestrial laboratory or in the center of the sun.
Thus, experimental evidence for a deviation of the 8 B solar neutrino spectrum from the laboratory shape would constitute evidence for physics beyond the standard model of the electroweak interactions. Indeed, powerful new experiments, such as the SuperKamiokande [8] , the SNO [9] , and the ICARUS [10] detectors, will measure the shape of the high-energy (E ν > ∼ 5 MeV) part of the solar neutrino spectrum, which originates from the beta-decay of 8 B produced in the sun.
The calculation of the 8 B solar neutrino spectrum dates back to 1964, when it was pointed out [11] that the usual β-decay allowed spectrum should be averaged over the intermediate 2 + states of 8 Be, as derived by the subsequent alpha-decay 8 Be(2α). Experimental evidence for this smearing was found 23 years later in the associated positron spectrum [12] . The calculation of the spectrum has been continually improved by Bahcall and collaborators in [11, 13, 14] , to which we refer the conscientious reader for all the details not reported here.
The independent calculation of the 8 B neutrino spectrum by J. Napolitano et al. [12] also compares well with the results in [14] .
In this work, the evaluation of the 8 B solar neutrino spectrum is further improved, using recently available experimental data and new theoretical calculations. Moreover, the max-imum uncertainties (±3 effective standard deviations) that can affect the best estimated spectrum are determined. The inferred spectral shape is presented numerically and graphically, in forms useful for fits to experimental results and for phenomenological analyses. The neutrino spectra, together with new data on the Gamow-Teller strengths in the A = 37 system, are used to improve the calculations of the 8 B neutrino absorption cross sections for chlorine and for gallium.
The paper is organized as follows. In Sec. II, the available experimental data on the
Be(2α) decay chain are reviewed and discussed, in order to extract an optimal data set and in order to evaluate the experimental uncertainties. In Sec. III the best neutrino spectrum is calculated, including the appropriate radiative corrections. The total (theoretical and experimental) uncertainties are used to calculate a "+3σ" and a "−3σ" spectrum, characterizing the maximum deviations from the optimal spectrum. In Sec. IV these spectra are applied to a refined calculation of the 8 B neutrino absorption cross sections for 37 Cl and for 71 Ga. A summary of the work is presented in Sec. V.
II. EXPERIMENTAL DATA ON THE
In this section, we present a compilation of the available experimental data on beta and alpha decay of 8 B. Then the various α-decay data are compared and used to fit the β-decay data. The best-fit alpha spectrum and its ±3σ range emerge naturally from this overconstrained comparison.
The β-decay of 8 B populates 2 + states in 8 Be, which then breaks up into two α-particles [15] . The energy levels are shown in Fig. 1 . The β, α and correlated β-α spectra have been investigated by several experimental groups. In addition to the solar neutrino application, this decay chain is of special interest because the A = 8 nuclear isotriplet (Li, Be, B) can be used to search for violations of the conserved vector current (CVC) hypothesis or for the existence of second-class currents (SCC) (see, e.g., the review [16] ), and is also an interesting subject for R-matrix analyses [17] [18] [19] .
For the determination of the 8 B (solar) neutrino spectrum, a single precise determination of the alpha spectrum is, in principle, all that is required. In practice, we take advantage of the redundancy of the available experimental information to estimate both a preferred alpha spectrum and the possible uncertainties.
A. Beta decay data
The most recent determination of 8 B β-decay spectrum is reported (graphically) in [12] .
The original number of detected events in each of the 33 magnetic spectrometer channels used (for momentum p > ∼ 9 MeV) have been made available by one of us (J.N.). We discuss below in detail the energy calibration of the β decay data of [12] , for its particular relevance to the present work.
The calibration procedure used in [12] was similar to that in [20] , which employed the same spectrograph to determine the weak magnetism correction to the 12 B β-spectrum shape.
In [12] , the 12 B spectrum itself was used to set the calibration. The 12 B source was produced through the 11 B(d, p) reaction, with the spectrograph fixed at the same field setting used for the 8 B data. The momentum measurement was in channels corresponding to a position along the focal plane. Prior studies of the spectrograph [21] demonstrated good linearity between momentum and position. The 12 B raw data (∼ 1.1 × 10 5 counts) were collected in 36 momentum bins. The data were fitted with the standard allowed β-decay spectrum, along with the known recoil order corrections (see [20] and references therein). Both the normalization and the offset in the position relative to the radius of curvature were left free in the fit. The simultaneous minimization of χ 2 with respect to these two parameters yielded a good fit (χ 2 /N DF = 1.1), and showed no evidence for a systematic deviation in the residuals. The error in the absolute momentum calibration was estimated to be less than 0.2% at 1σ. Our conservative estimate for the maximum (±3σ) uncertainty in the energy calibration of the β-decay data in [12] is δE β = ±0.090 MeV. This value corresponds to three times a ±0.2% error at the endpoint energy, E β ≃ 15 MeV.
As we will see, the β-decay spectrum data of [12] play a fundamental role in constraining the uncertainties of the neutrino energy spectrum. Independent measurements of the positron spectrum would thus be helpful. Unfortunately, existing additional data on the 8 B β-decay as reported (only graphically) in β-α correlation searches [22, 23] are too sparse to be useful for our purposes.
B. Alpha decay data Figure 2 shows our compilation of the experimental data for the delayed α-spectrum. The measurements with the highest statistics have been performed by Wilkinson and Alburger [24] , using both a thick and a thin catcher (WA1 and WA2 in Fig. 2 , respectively). For our purposes, it is sufficient to know that the typical energy loss of α-particles is ∼ 100 (∼ 50) keV in the thick (thin) catcher. The WA1 data (∼ 2.1 × 10 6 decays) have been reported by Warburton [18] , together with the proper channel-energy calibration formula. Barker [19] has described similarly the WA2 data (∼ 2.5 × 10 6 decays). An older measurement of the α spectrum was performed by Farmer and Class [25] , although reported only in a graphical form ( Fig. 2 in [25] ). The spectrum labeled "FC" in Fig. 2 corresponds to a digitized form of their data (∼ 0.5 × 10 6 events). A high-statistics data set has been also collected by one of us (L.DeB.) and D. Wright, in the course of a recent experimental search for CVC violation and SCC effects in the A = 8 multiplet [26] . These data (∼ 1.6 × 10 6 events) are labeled as "DBW" in Fig. 2 . We do not use here the α-spectrum measured by Clark et al. in [27] , since the final data cannot be extracted from their Fig. 2 with enough precision to be useful for our purposes.
C. Discussion of experimental uncertainties
A close inspection of Fig. 2 reveals that the four different α-decay spectra WA1, WA2, FC and DBW have slightly displaced peaks, with a total spread in the peak energies of about ±0.08 MeV. Indeed, the largest uncertainty in these spectra can be ascribed to a possible bias b in the measured alpha-particle energy:
3.04 MeV (see Fig. 1 ) were a narrow resonance, then b would be a constant bias. In general, b may depend on E α , since in fact the intermediate state is not very narrow; thus the bias could assume slightly different values at the peak or in the tails of the α-decay spectra.
However, in the calculation of the 8 B neutrino spectrum the α-spectrum tails are much less important than the peak, so that b can be effectively assumed as a constant (b ≃ b peak ) for our purposes.
For the spectra WA1 and WA2, Barker has given in [19] a thorough discussion and an estimate of the possible contributions to b, including uncertainties due to energy loss, calibration, and finite resolution. A succint summary of Barker's analysis is that |b| < ∼ 0.05
MeV at 1σ. In particular, for the spectrum WA2 (thin catcher), two possible channelenergy calibration formulae are presented in [19] [see Eq. (1) and (15) has been used in connection with the spectrum WA2 shown in Fig. 2 ; the second calibration will be used below for a further check of the sensitivity of the inferred spectrum to possible systematic uncertainties. For the DBW spectrum, the uncertainty in E α is estimated to be of comparable magnitude (∼ 0.04 MeV) [26] . The uncertainty is larger (|b| < ∼ 0.1 MeV) for the older FC spectrum [25] , in part as a result of the graphical data representation.
Each of the four α-particle data sets can be used to estimate the theoretical positron spectrum in 8 B(β + ) 8 Be decay. The ingredients of this calculation are the same as for the neutrino spectrum, except for the radiative corrections. In fact, in beta-decay the radiative corrections take a different form according to whether the β-particle, or the neutrino, is detected. In the first case, they have been computed by Sirlin [28] . In the second case, they have been recently evaluated by Batkin and Sundaresan [29] , and will be discussed later (in Sec. III). The computed positron spectrum, including radiative corrections, is then compared to the experimental β-decay data (33 points) as in [12] . The total number of events collected (∼ 0.3 × 10 6 ) is used for normalization, reducing the number of degrees of
is then calculated for each input α spectrum, and this exercise is repeated also by shifting the experimental α-energy values
In the calculation of χ 2 N we include the statistical errors of the β-decay data but exclude, in first approximation, their energy calibration uncertainty δE β (Sec. II.A).
The effect of this additional uncertainty is discussed at the end of this section. Figure 3 shows, for each of the four measured α-particle spectra, the normalized χ 2 -fit to the measured positron spectrum as a function of the assumed α-particle energy bias.
For zero energy bias (vertical dashed line) the FC, DBW, WA2, and WA1 data provide increasingly good fits to the beta-decay spectrum. When an allowance for a non-zero bias b is made, all the four alpha-spectra provide equally good fits (χ 2 N ≃ 1), modulo the shift
The dotted curve, which also provides a good fit for zero bias, corresponds to the spectrum WA2 using the second Barker's calibration [19] . The main difference among the four α-particle data sets can thus be ascribed to small biases in the measured α-energies.
The natural choice for the optimal α-particle energy spectrum is seen to be, in Figure 4 shows the experimental beta-decay spectrum [12] (dots with 3σ statistical error bars), the best-fit theoretical spectrum (solid curve, obtained by using WA1 data with b = 0.025 MeV), and the "±3σ" theoretical spectra (dotted curves, WA1 data with b = 0.025 ± 0.185 MeV).
As discussed in Sec. II.A, the β-decay reference spectrum is affected by a maximum energy calibration uncertainty δE β = ±0.090 MeV (3σ). An error ±δE β corresponds to an error ∓2δE α in the 8 B(β + ) 8 Be(2α) decay chain. As a consequence, the total range of the α-energy bias b gets slightly enlarged: b = 0.025 ± 0.185 ± 0.045 = 0.025 ± 0.190 MeV, where the two (independent) errors have been added in quadrature.
III. THE 8 B STANDARD NEUTRINO SPECTRUM AND ITS UNCERTAINTIES
In this section, the main results of the present paper are presented: a best (standard)
8 B neutrino spectrum λ(E ν ), together with two supplementary spectra, λ + (E ν ) and λ − (E ν ), obtained by stretching the total uncertainties to their ±3σ limits. These spectra are given both in figures and in tables. The effects of the individual experimental and theoretical uncertainties are also discussed and illustrated graphically.
A. Optimal neutrino spectrum and its 3σ deviations
The successive calculations of the 8 B normalized neutrino spectrum λ(E ν ) includedbesides the phase space factor [11] -the intermediate state smearing [11] , the proper Fermi function [11, 13] , and the forbidden corrections to the allowed transition [14] .
Napolitano et al. [12] pointed out the potential relevance of radiative corrections, although only those corresponding to the 8 B positron spectrum [28] were known at the time.
Here we include the appropriate radiative corrections to the 8 B neutrino spectrum that have been recently calculated in [29] . These corrections are smaller (due to a cancellation between real and virtual photon contributions [29] ), and with a milder energy dependence, than the corrections that apply when the charged lepton is detected in β-decay [28] . As we shall see below, their inclusion makes no significant difference in the calculation.
The optimal input alpha-decay data, as discussed in the previous section, are taken as A representation of the integral spectrum is shown in Fig. 7 , where the fraction f of 8 B neutrinos produced above a given neutrino energy threshold
plotted as function of E th .
B. Spectrum uncertainties: Experimental and theoretical components
The effect of varying the input alpha-decay data with respect to the optimal choice (WA1 with bias b = 0.025) is shown in Fig. 8 , where the solid line represents the standard spectrum λ, and crosses are placed at representative points along the spectra λ ′ obtained with WA1, WA2, FC and DBW input data (with no bias). The differences ∆λ = λ ′ − λ are very small, and can be best appreciated in an expanded scale in Fig. 9 , where the dimensionless quantity ∆λ/λ peak is plotted [λ peak = max λ(E ν )].
Figure 9 also shows the ±3σ deviations (λ ± − λ)/λ peak . These deviations are similar to sinusoidal curves, with a maximum amplitude of ∼ 5%. The average value of the absolute deviation is thus |∆λ|/λ peak ≃ (2/π)|∆λ| max /λ peak ≃ 3% at 3σ. The difference between the Bahcall and Holstein [14] spectrum λ BH and the best-fit spectrum λ can also be represented well by a sinusoidal curve (like those shown in Fig. 9 ). The amplitude of the difference λ BH − λ is ∼ 0.35σ, to be compared with the effective 3σ differences λ ± − λ shown in Fig. 9 .
Similarly, the difference between the spectrum λ N calculated by J. Napolitano et al. in [12] 1 We have not divided the spectrum by the Fermi function as is usual in plotting beta-decay spectra. In the present case, the Fermi function would have to be averaged over a range of positron energies because of the width of the final (2 + ) state in 8 Be.
and the standard spectrum λ is about 0.75σ.
The effects of radical assumptions about the correctness of the theoretical calculations beyond the (phase space)×(Fermi function) approximation are shown in Fig. 10 , on the same scale as Fig. 9 . The curves labeled 1 and 2 represent the shifts ∆λ/λ peak obtained by setting to zero the forbidden or the radiative corrections, respectively. For curve 3, the radiative corrections were (inappropriately) assumed to be the same as for the positron detection case [28] (as was also done in [12] ); the present exercise is intended to account roughly for a hypothetical situation in which the cancellation between real and virtual photon contribution might not be as effective as computed in [29] .
The maximum theoretical deviation (curve 1 in Fig. 10 ) is significantly smaller than the maximum deviation due to differences in the experimental results (curve DBW in Fig. 9 ).
In addition, we have verified that the effect of the theoretical uncertainties can be mimicked by recalculating the neutrino spectrum with a further energy bias b ′ ≃ ±0.075 MeV in the alpha-particle energy. Adding theoretical and experimental errors in quadrature, we find that the total ±3σ range for b is increased from ±0.190 MeV (expt. only) to ±0.205 MeV (expt. + theor.), as anticipated in Section III.A.
The relative contribution of the different 2 + states of 8 Be in the α-decay spectrum (see Fig. 1 ) has been analyzed by Barker [17, 19] and Warburton [18] within the R-matrix formalism. Their results are not in complete agreement, the fitted amplitude of the intermediate states being sensitive to the input data (see in particular the discussion in [19] ). The disagreement in these theoretical R-matrix analyses has no effect on our calculation of 8 B neutrino spectrum, since the the population of the 2 + states is taken from the experimental α-decay data.
IV. ABSORPTION CROSS SECTION OF 8 B NEUTRINOS IN 37 Cl AND 71 Ga
In this section, we present improved calculations of the 8 B neutrino absorption cross section for chlorine and for gallium. Recent calculations of the chlorine absorption cross section were made by Bahcall and Holstein [14] , García et al. [30] , and Aufderheide et al. [31] ; the results of earlier calculations can be found in [11, 13, [32] [33] [34] [35] [36] . The most recent previous calculation of the gallium cross section σ Ga was by Bahcall and Ulrich [37] .
Transitions to excited states dominate the total cross section in either of the absorption processes 37 Cl(ν, e) 37 Ar and 71 Ga(ν, e) 71 Ge. The Gamow-Teller transition strengths, B(GT), can be estimated from the rates of the analogous charge-exchange (p, n) reactions.
For the A = 37 system, these transition matrix elements can be determined experimentally by studying the 37 Ca(β + ) 37 K transition [32, 11] , which is the isospin mirror process of 37 Cl(ν, e) 37 Ar. The interested reader is referred to the recent review in [38] for a more extensive discussion of these processes.
A. Absorption Cross Section for Chlorine
Including for the first time forbidden corrections, Bahcall and Holstein [14] calculated the 8 B neutrino cross section on chlorine and obtained:
The quoted uncertainties represented the maximum estimated error (3σ). The calculation made use of the B(GT) values derived from the 37 Ca β-decay, as reported by Sextro et al.
in [34] . The estimated 3σ error (±0.10) had two components, ±0.08 from 8 Be α-decay data and ±0.06 from 37 Ca β-decay data uncertainties, to be added in quadrature.
Using the same low-energy data [34] as in [14] , and the spectra λ, λ + , and λ − reported in Taken at face values, the B(GT) strengths derived by the different experiments [30, 34, 36] were not in good agreement. Critical examinations [39] of the data analyses, as well as supplementary data [40] , have led to a satisfactory understanding [31] of the low-energy levels and their B(GT) strengths in the A = 37 system.
Using the latest available data [31] and the neutrino spectra λ (±) calculated here, we find
Equation (2) represents our best estimate, and the associated 3σ uncertainties, for the 8 B neutrino absorption cross section on chlorine. The contribution to the total error from the measured B(GT) values is assumed to be ±0.08, as in the analysis [31] . The difference between the values of the chlorine absorption cross section in Eq. (1) and Eq. (2) is 7%, well within the quoted errors. Figure 11 shows the energy dependence of our our best-estimate chlorine cross section (solid line). Values of σ Cl for representative neutrino energies are also given in Table II . The difference between the present and the previous calculation of the energy-dependent cross section by Bahcall and Ulrich [37] (dashed line in Fig. 11 ) is less than 20% for E ν < 16 MeV.
The differences are largest at the highest energies since the newer data include transitions to higher excitation states in 37 Ar that were not determined in the previous experiments (see [30, 39, 31] ).
To give the reader some perspective on how the 8 B neutrino spectrum and the chlorine absorption cross section have changed with time, we give in Table III all the published values of σ Cl with which we are familiar. The calculated cross sections have been approximately constant, within the estimated errors, since 1978, although there have been numerous refinements (which are described in [13, 14, 36, 30, 31] ). The reasons for the relatively significant change in the 1978 best-estimated value [13] with respect to the earlier calculations [11, [33] [34] [35] are described in the last paragraph of Sec. IV.B.3 in [13] .
B. Absorption Cross Section for Gallium
The 8 B neutrino absorption cross section for gallium that is widely used was calculated by Bahcall and Ulrich [37] and is:
σ Ga = (2.43
where the quoted uncertainties represented the maximum estimated errors (3σ). The B(GT)
values used in the quoted calculation were taken from a 71 Ga(p, n) 71 Ge experiment performed by Krofcheck et al. [41] .
The only important recently-published experimental development with which we are familiar is the recent 51 Cr source experiment for the GALLEX detector [42] . Hata and
Haxton [43] have shown that the measurements with the chromium source are consistent with the B(GT) values for the first two excited states that were inferred by Krofcheck et al.
[41].
Therefore we repeat the Bahcall-Ulrich calculation [Eq. (3)] using the best 8 B neutrino spectrum from the present paper. We find:
σ Ga = (2.46
The change in the best-estimate cross section is only ∼ 1% [relative to Eq. (3)], which is much smaller than the guessed systematic errors, that represent uncertainties in the interpretation of the (p, n) measurements.
V. SUMMARY
In the previous sections, the spectrum of neutrinos produced in the 8 B(β + ) 8 Be(2α) decay has been computed, using state-of-the-art theory of beta-decay. The laboratory data on the associated positron spectrum have been used to choose an optimal data set among the different measured 8 Be(2α) decay spectra. The experimental and theoretical uncertainties can both be represented well as an energy shift (b) in the α-decay data. The total ±3σ range for this shift (bias) has been conservatively estimated to be ±0.205 MeV. A bestfitting standard spectrum, λ, has been computed, as well as the "effective ±3σ" neutrino spectral shapes λ + and λ − [λ ± − λ = 3 standard deviations]. The standard spectrum λ differs by about 0.35σ from the Bahcall and Holstein neutrino spectrum [14] and by about 0.75σ from the Napolitano et al. spectrum [12] .
The 8 B neutrino absorption cross section for chlorine calculated with the best-fitting spectrum derived here and with the most recent data on the low-lying states in the A = 37 system is σ Cl = (1.14 ± 0.17) × 10 −42 cm 2 (3σ). This result is in agreement with the estimates derived in 1964 (see Table III ). The best-estimate gallium absorption cross section is σ Ga = (2.46
All the available experimental data on the 8 B(β + ) 8 Be (2α) 3 . Values of the normalized chi-square in a fit to the experimental positron spectrum, using the input alpha-decay data of Fig. 2 , with an allowance for a possible bias in the detected α-particle energy. The ±3σ range emerging from the fit is also shown. The dashed line refers to the Bahcall-Ulrich [37] calculation.
